Introduction
The cardiovascular system is an important target of estrogenic compounds through genomic and non-genomic pathways (Chambliss et al., 2002) . The estrogen receptor (ERα/β) has been shown in human coronary arteries, endothelial cells, and cardiomyocytes (Kim-Schulze et al., 1996; Yang et al., 2004) . Recent studies question previously reported beneficial effects of estrogen on the cardiovascular system. The Women's Health Initiative, indicated that long-term use of estrogen did not decrease, and may have increased, the risk of cardiovascular disease (CVD) (Rossouw, 2005) . However, the use of estrogens to prevent CVD has never been without controversy. For instance, The Coronary Drug Project was discontinued because of a significant increase of coronary heart disease among men receiving estrogens (1970;1973) . Estrogen therapy in diabetic women was shown to be associated with a worsening of coronary atherosclerosis and exacerbation of inflammatory markers (Howard et al., 2004) . And the use of the synthetic estrogen diethylstilbestrol to treat prostate cancer was associated with increased cardiovascular morbidity and mortality in men (Cox and Crawford, 1995) .
Pulmonary arterial hypertension (PAH) is roughly twice as common in women compared to men (Newman et al., 2004) ; whether this occurrence may be attributed to the hormone estrogen is not clear. In the United States, PAH afflicts approximately 100,000 individuals and is the cause of death in 20,000 people each year (Hyduk et al., 2005) . Evidence suggests that intra-luminal proliferation of endothelial cells causes PAH. Vascular lesions of severe PAH consist of actively proliferating endothelial cells (Sakao et al., 2009 ). Since estrogen is a known mitogen of endothelial cells, we postulate that pulmonary vascular lesions are a consequence of excess or unopposed estrogen. Although beneficial effects of estrogen on the endothelium have been reported (Cid et al., 2002) ; differences between endothelial cell types could account for greater susceptibility of pulmonary arteries to estrogen-induced inflammation and vascular lesion formation. Widespread contaminants in the environment such as arsenic, tobacco smoke, and polychlorinated biphenyls (PCBs) have been reported to possess estrogenic activity (Davey et al., 2007; Meek and Finch, 1999; Bitman and Cecil, 1970; Tavolari et al., 2006) . Since the effect of estrogens on pulmonary vasculature is not well studied, research elucidating the role of these compounds in the development of pulmonary vascular lesions is highly relevant to cardiovascular public health.
Although estrogen-induced gene expression has been well studied in endothelial cells, there is a lack of knowledge about how the expression profile differs from estrogenic environmental chemicals. Several epidemiological studies have shown a link between PCB exposure and increased risk of CVD (Gustavsson and Hogstedt, 1997; Hay and Tarrel, 1997; Goncharov et al., 2008; Tokunaga and Kataoka, 2003; Sergeev and Carpenter, 2005) . Considering the recent studies that question the previously reported cardio-protective effects of estrogens, there is a growing concern that estrogenic PCBs may increase the risk for PAH by inducing the formation of pulmonary vascular lesions. The present study aims to investigate the differential effects of estrogens on candidate genes involved in vascularization in human vascular endothelial cells exposed to environmentally relevant concentrations (ppb) of PCB126, PCB153, and physiological concentrations of 17β-estradiol.
Materials and Methods

Cell Culture
A telomerase-immortalized human microvascular endothelium (TIME) cell line was obtained from American Type Culture Collection (Manassas, VA) to be referred throughout this study as HMVEC. These endothelial cells have retained many of the phenotypic characteristics of the primary endothelial cells from which they were derived including normal cell morphology and the capacity to form tubules in vitro (Venetsanakos et al., 2002) . Cells were grown in Endothelial Cell Basal Medium-2 (EBM-2) supplemented with EGM 2-MV Single-Quots from Lonza (Walkersville, MD). Estrogen treatments were studied under the following culture conditions: 75-80% confluent cultures were washed and serum starved in phenol red-free medium for 3h. Thereafter, the cells were treated with either PCB126, PCB153, or 17β-estradiol in phenol red-free medium supplemented with 10% charcoal/dextran-treated fetal bovine serum to avoid any estrogenic activity and maintained for 24 hours.
Estrogenic chemical treatments
Stock solutions of PCB126, PCB153, and 17β-estradiol were prepared in dimethyl sulfoxide (DMSO). The same amount of DMSO as in PCB and estradiol-treated cells were added to control cultures. The level of DMSO in experimental media was less than 0.1%. PCB blood levels have been reported to reach approximately 1000ng/ml (~3 M) in occupationally exposed individuals (Wassermann et al., 1979) . Our unpublished data showed a significant increase in PCB-induced vascularization with PCB153 concentrations of 10-100ng/ml. Based on known PCB blood levels from occupational exposure and our preliminary results; we chose a 10-fold lower PCB dose of 100ng/ml (~0.3μM) to expose endothelial cells. Our previous studies also showed endothelial cell proliferation and vascular tube formation at physiological doses of 17β-estradiol (Felty, 2006; Felty and Porther, 2008) ; therefore HMVEC were exposed to estradiol at 1ng/ml (~3.6nM). PCB congeners 2,2′,4,4′,5,5′-hexachlorobiphenyl (PCB153) and 3,3',4,4',5-pentachlorobiphenyl (PCB126) were purchased from AccuStandard (New Haven, CT) and dissolved in dimethyl sulfoxide (DMSO). All other chemicals and reagents were purchased from Sigma (St. Louis, MO).
Real-time RT PCR
Total RNA was isolated and purified using the RNeasy Mini Kit from Qiagen (Valencia, CA). RNA sample quality was verified by electrophoresis on a denaturing agarose gel and then reverse transcribed into cDNA using the RT 2 First Strand Kit from SuperArray Bioscience Corporation (Frederick, MD) according to the manufacturer's protocol. The PCR reactions using cDNA were performed in a Applied Biosystems 7300 Real-Time PCR System using RT 2 SYBR Green/ROX qPCR Master Mix and the manufacturer's thermal cycler protocol (95°C for 10 min, followed by 40 cycles at 95°C for 15s, 60°C for 1 min). The threshold cycle (C T ) from each well was determined using ABI 7300 SDS software.
PCR array
PCR array analysis of cDNA from RNA isolated from HMVEC treated with vehicle control (0.1% DMSO), PCB126, PCB153, or 17β-estradiol for 24h was performed in triplicate using RT 2 Profiler PCR array for Human Angiogenesis from SABiosciences, in accordance with the manufacturer's instructions. PCR arrays were used to compare the relative expression of 84 genes for each array. Relative changes in gene expression between the treated and untreated HMVEC RNA were calculated by the ΔΔC T method as previously described (Livak and Schmittgen, 2001) . First, target genes in each array were normalized to the endogenous control or housekeeping genes: RPL13A, GAPDH, or ACTB. Next, each treatment group was normalized to the untreated group (vehicle control, 0.1% DMSO). Using the SABiosciences PCR Array Data Analysis Web Portal, fold changes in gene expression were analyzed between groups using the equation 2 −ΔΔCT , where
housekeeping genes ] control group . Each value is a repeat of three independent experiments. ANOVA and Fisher's least significant difference test were used for multi-group comparisons, with a P value of less than 0.05 considered significant.
Gene Network Analysis
Given the emergence of datasets in medicine and biology with large number of variables, Bayesian Networks have been successful in developing efficient algorithms that scale up to datasets involving hundreds of variables in learning high quality predictive models from genomic data (Yoo and Cooper, 2004) . A Bayesian Network is a directed acyclic graph in which each node represents a variable and each arc represents probabilistic influence. In Bayesian Networks, each arc is interpreted as a direct influence between a parent node (variable) and a child node, relative to the other nodes in the network.
Results
Although estradiol-induced gene expression in endothelial cells has been well studied, the question of whether estrogenic PCB-induced gene expression differs from the natural hormone 17β-estradiol has not been tested until now. Our previous studies have shown that physiological concentrations of estradiol induce the formation of reactive oxygen species (ROS) involved in signaling cell proliferation and vascularization (Felty, 2006; Felty and Porther, 2008) . To further study this phenotype, we used a PCR array to compare 17β-estradiol to PCB-induced endothelial cell gene expression. We chose PCB153 because it was shown to bind the ERα and induce vessel formation in endothelial cells (Tavolari, Bucci, Tomasi, and Guarnieri, 2006) . We chose a coplanar PCB (PCB126) to compare with the non-coplanar PCB153; in order to determine whether the gene expression profiles between these two PCB congeners were specific. Using the RT 2 Profiler PCR array for Human Angiogenesis, we have monitored the mRNA levels of 84 different genes involved in vascularization. This array was selected because we previously reported estrogen-induced redox sensitive signaling in vascular tube formation. Human endothelial cells were treated with vehicle control (0.1% DMSO), 17β-estradiol, or PCB congeners 126 and 153 for 24h. Fig. 1 depicts a log transformation plot indicating the relative expression level of each gene. The red lines indicate a 3-fold change in gene expression compared to control. In Fig. 1A , PCB153 treatment increased the expression of six of the 84 genes by more than 3-fold. Expression of two genes, CCL2 and IL-8, was corroborated by other studies that reported the same genes to be induced by non-coplanar PCB congener 104 in endothelial cells (Choi et al., 2003; Eum et al., 2004) . In Fig. 1B , PCB126 did not show a 3-fold increase in any of the genes studied, instead approximately 90% of the genes were less than or equal to the control. In Fig. 1C , estradiol treatment also did not show a 3-fold increase in gene expression and followed a trend similar to PCB126 treatment. Hierarchical clusters were used to analyze these expression profiles from the different treatments (Fig. 2) . The hierarchical clustering method performs a cluster analysis using a set of dissimilarities for the gene profiles being clustered. Initially, each object is assigned to its own cluster and then the algorithm proceeds iteratively, at each stage joining the two most similar clusters, continuing until there is just a single cluster. At each stage distances between clusters are recomputed by the Lance-Williams dissimilarity update formula according to the particular clustering method being used. Among the treatment groups, we identified 5 clusters. The largest cluster consisted mainly of genes related to growth factors and proteases. While the second largest cluster showed a majority of cytokines and chemokines.
Genes regulated by estrogen treatments were organized by function to better understand their profile (Table 1) . The manufacturer's categories: Adhesion Molecules, Cytokines & Chemokines, Growth Factors & Receptors, Proteases, Inhibitors, & Matrix Proteins, and Transcription Factors; were used to organize the genes by function. In Table 1 , genes that exhibit at least a 2-fold regulation in expression in the estradiol, PCB126, and PCB153 treatments are highlighted in red if up-regulated and green if down-regulated. This classification showed that PCB153 up-regulated significantly greater number of genes when compared to estradiol. These genes included adhesion molecules CDH5, ITGAV; cytokines and chemokines IL8, IL6, CCL2, CXCL10; growth factors and receptors S1PR1, PDGFA, TEK, TGFB2, VEGFA, VEGFC; and from the remaining categories ANGPTL4 and NOTCH4. Endothelial cells depend on processes of migration, adhesion, and proliferation when forming vessels. PCB153 significantly up-regulated: growth factors, adhesion molecules, and pro-inflammatory factors relevant to the process of vascularization. When we compared the coplanar PCB congener 126 to PCB153 we observed a significantly different profile. PCB126 down-regulated many genes that were similar to PCB153; however, PCB126 exposed endothelial cells showed more cytokines and chemokines significantly down-regulated compared to both PCB153 and estradiol treated cells. In the estradiol treatment; TGFB2 up-regulation was similar to PCB153 treatment. The majority of down-regulated genes in the estradiol treatment were common to both PCB congeners.
We have applied Bayesian Networks learning method to further understand interactions among the genes that respond to the treatments. Bayesian Networks is a knowledge representation formalism that has been widely used in translational biomedical research for constructing statistical graphical models and for generating causal hypotheses from data (Yoo and Cooper, 2004 ). Since we wanted to identify interactions among genes that respond to the treatments, we have categorized each gene's expression level to low (if the expression level is one standard deviation lower than the mean expression level), no change, and high (if the expression level is one standard deviation higher than the mean expression level), based on the normalized expression level of all the genes in control and treatments. To learn Bayesian networks among the genes, we then used a computer software called Banjo. Figure  3 illustrates the structure of a hypothetical Bayesian Network structure that contains five nodes. The probabilities associated with this network structure are not shown. The network structure in Fig. 3 indicates, for example, that Gene1 can regulate (influence) the expression level of Gene3, which in turn can regulate the expression level of Gene5. The Markov condition gives the conditional independence relationships that are specified by a Bayesian Network: A node is independent of its non-descendants (e.g., non-effects) i.e., given its its parents (i.e., its direct influences). Categorizing each gene's expression level to low, no change, and high, based on the normalized expression level of all the genes in control and treatments, we have identified the following genes that show identical expression pattern based on the categorization of the genes (Table 2) . Bayesian network inference with Java objects (Banjo) software was used to analyze PCR array data of the estrogen treatments. Bayesian gene networks were reconstructed using the expression profile of all 84 genes from the RT 2 Profiler PCR Array for Human Angiogenesis. Figure 3 shows the best Bayesian network reported by Banjo. The node labeled "Experiment" in the figure represents the experiment performed, i.e. Control, estradiol, PCB126, or PCB153. Other than the Experiment node, each node either represents a group of genes previously mentioned or a single gene. The lines between the genes denote inferred interactions. A continuous line means a direct relationship between the two genes, whereas a discontinuous line indicates an indirect association. The most significant network regulated by experimental treatments revealed 31 significant genes. The network identified that the following genes to have direct influence of the Experiment node, i.e., the following genes are the Markov Blanket of"Experiment" node: G1, VEGFA, CXCL6, HPSE, and TGFBR1.
Discussion
Clinically, PAH causes an increase in pulmonary arterial pressure that leads to right ventricular failure and death. Pulmonary hypertension has been reported to be associated with the use of oral contraceptives (Kleiger et al., 1976) . Estrogens found in oral contraceptives are known to produce an increased incidence of pulmonary embolism (Ramos K.S., Jr., 1996) ; however, evidence suggests that intra-luminal proliferation of endothelial cells rather than pulmonary embolism causes PAH. Since estrogen is a known mitogen of endothelial cells, we postulate that pulmonary vascular lesions are a consequence of excess or unopposed estrogen. In support of this concept, clinical cases of pulmonary intimal vascular lesions have been associated with the use of oral contraceptives (Irey and Norris, 1973) .
In this study, we examined whether exposure of human vascular endothelial cells to environmentally relevant concentrations (100ppb) of estrogenic compounds PCB153 and PCB126 differed from the natural hormone 17β-estradiol with respect to effects on genes involved in vascularization. Our findings show considerably different responses of estrogenic PCB153 compared to estradiol treated endothelial cells. We have identified an increase in the expression of adhesion molecules cadherin 5 and integrin α5; cytokines and chemokines IL8, IL6, CCL2, CXCL10; growth factors and receptors such as TGFB2, VEGFA, VEGFC; and NOTCH4 in endothelial cells exposed to PCB153. Interestingly, PCB126 exposed endothelial cells showed a down-regulation of cytokines and chemokines compared to both PCB153 and estradiol treatments. TGFB2 was the only up-regulated gene that was shared between PCB153 and estradiol. PCB153 has been shown to induce vascularization and inflammation in human vascular endothelial cells. A functional change in CVD such as atherosclerosis is the activation of the endothelium that is initiated by an increase in the expression of specific cytokines and adhesion molecules. Since endothelial cell adhesion depends on molecules such as integrin α5 and cadherin, the gene network we reported to be stimulated by PCBs may explain the mechanism through which estrogenic chemicals can promote the development of vascular lesions.
Our gene network indicated that the estrogenic treatments may signal a network containing TGFBR2, IL6, IL8, and growth factors such as VEGFA, PDGFA, and FGF2. Based on previous studies, our results may be biologically relevant to signaling pulmonary vascular lesions. For instance, inherited susceptibility to PAH occurs in families with mutations in genes of the TGF-beta family of receptors (Davies and Morrell, 2008) . Levels of growth factors and IL6 in the pulmonary circulation of patients with PAH have been implicated in vascular remodeling (Selimovic et al., 2009) . Our gene network also showed a connection to the NOTCH homolog 4 (Drosophila) also known as NOTCH3. A recent study reported NOTCH3 signaling promotes the development of pulmonary arterial hypertension (Li et al., 2009) . Human pulmonary hypertension was characterized by overexpression of NOTCH3 in small pulmonary arteries; furthermore the severity of PAH in humans and rodents correlated with the amount of NOTCH3 protein in the lung.
Our data suggest that PCBs can promote vascular lesion formation by activating gene networks involved in endothelial cell adhesion and inflammatory response which were different from natural estrogen. Previous studies have reported anti-inflammatory effects of estradiol on the endothelium. Vascular endothelial cells exposed to estrogen at pharmacological doses decreased cytokine-induced adhesion molecule expression (CaulinGlaser et al., 1996) . Our findings that show estrogen-induced expression of inflammatory and adhesion molecules is consistent with what others have reported in the literature. For example, at physiological doses (1-2ng/ml); estradiol was reported to increase β1, α5 and α6 integrin mRNA in subconfluent endothelial cells (Cid et al., 1999) . Furthermore, estrogen was shown to amplify the expression of adhesion molecules in cytokine stimulated endothelial cells (Cid et al., 1994) . These dual effects of estrogen may depend on the dose and time of exposure. ER-mediated signaling pathways are considered to support cell proliferation; however, discrepancies between the binding affinity of various estrogens to the ER and their growth potency both in vitro and in vivo have been reported (DuMond, Jr. et al., 2001; Bocchinfuso et al., 1999) . Although selective ER modulators (SERMS) such as tamoxifen and antiestrogens such as ICI 182,780 prevent the growth of estrogen sensitive tissue, the contribution of other mechanisms cannot be ruled out as these compounds also block metabolism and redox cycling of estrogen, and are free radical scavengers (Arteaga et al., 2003) . Even though the estrogenic potency of PCBs are weak compared to 17β-estradiol, this study has reported significant fold differences in PCB-induced gene expression compared to the natural hormone. These differences may be explained by redox signaling pathways. Our previous studies have shown that physiological concentrations of estradiol induce the formation of ROS involved in signaling cell proliferation and vascularization (Felty, 2006; Felty and Porther, 2008) . Coplanar PCBs like PCB126 bind with a high affinity to the aryl hydrocarbon receptor (AhR) and induce AhR mediated gene expression of cytochrome P450 1A1 (Hennig et al., 2002) . This increase in CYP1A1 was implicated as a mechanism for the oxidative stress and inflammatory response in PCB126 treated endothelial cells reported by Hennig et al. Non-coplanar PCBs like PCB153 are not good ligands for the AhR and their mechanisms of action are not completely understood. Although these compounds have been reported to possess estrogenic activity, the observed profile differences clearly show a different mechanism of vascular gene expression for each chemical treatment. Estradiol-induced gene expression will be different based on nuclear ER mediated transcription. PCB126 expression changes will differ from estradiol via AhR mediated transcription. PCB153 does not bind with high affinity to either the nuclear ER or AhR. Even though PCB153 is considered to be estrogenic; the changes in gene expression cannot be explained by nuclear ER mediated signaling. There is evidence for PCB153 mediated activation of NADPH oxidase (Eum et al., 2009) . Since NADPH oxidase is a known source of cellular ROS; it is possible that redox sensitive signaling pathways are responsible for the different gene changes observed in endothelial cells exposed to PCB153 when compared to PCB126 and estradiol treatment groups.
Estrogen produces both beneficial and adverse effects on cardiovascular health via mechanisms that remain unclear. The present study provides the first gene expression analysis comparing estrogenic chemicals PCB153 and PCB126 with the natural hormone 17β-estradiol in human vascular endothelial cells. Growing evidence implicates the overproduction of ROS such as hydrogen peroxide (H 2 O 2 ), superoxide anion (O 2 • − ), and peroxynitrite (ONOO − ) in the development of CVD. Thus, identification of redox signaling pathways that mediate vascularization may add to the knowledge base of how estrogenic environmental chemicals influence the vascular wall. We believe that these gene profiles may lead to insights into the pathophysiological mechanisms of vascular lesion formation involved in PAH and provide a target pathway for therapeutic intervention. Scatter plot report for RT 2 Profiler PCR array for Human Angiogenesis analysis of cDNA from RNA isolated from untreated HMVEC or HMVEC treated for 24h with (A) 17β-estradiol 1ng/ml, (B) PCB126 100ng/ml, and (C) PCB153 100ng/ml. The figure depicts a log transformation plot of the relative expression level of each gene between the estrogen treated and untreated HMVEC. Changes in mRNA expression were calculated by the ΔΔC T method. The figure is labeled with estrogen treatment on y-axis and untreated x-axis. The red lines indicate a 3-fold change in gene expression. Hierarchical cluster of HMVEC gene expression changes in response to estrogen treatments. Each row represents an individual gene, and each column represents three independent experiments (n=3, estradiol, PCB126, PCB153). Up-(red) or Down-(green) regulated. A Bayesian Network representing a hypothetical gene-regulation pathway. This structure of a hypothetical Bayesian Network contains five nodes. The probabilities associated with this network structure are not shown. The network structure indicates that Gene1 can regulate (influence) the expression level of Gene3, which in turn can regulate the expression level of Gene5. The Markov condition gives the conditional independence relationships that are specified by a Bayesian Network: A node is independent of its non-descendants (e.g., noneffects) given its parents (i.e., its direct influences). Gene networks regulated by estrogen treatment. The node labeled "Experiment" in the figure represents the experiment performed, i.e., control, estradiol, PCB126, or PCB153. Other than the Experiment node, each node either represents a group of genes previously mentioned or a single gene. The network identified that the following genes to have direct influence of the Experiment node, i.e., the following genes are the Markov Blanket of "Experiment" node: G1, VEGFA, CXCL6, HPSE, and TGFBR1. 
